We have reported previously that calcium ions and phospholipid activate the heme-stabilized proinhibitor form (pro-HCI) of the heme-controlled translational inhibitor (HCI) in reticulocyte lysates and promote the first step of the reaction pro-HCI = reversible HCI --irreversible HCI. This suggested the possible involvement of a Ca2+/phospholipiddependent protein kinase (protein kinase C) in the activation. However, further investigation revealed, among other things, that polyunsaturated fatty acids (e.g., arachidonic acid) were as effective as Ca2+/phospholipid in promoting translational inhibition and phosphorylation of the a subunit of the chaininitiation factor eIF-2 and, moreover, HCI activation could be prevented or reversed in either case by NADPH-generating systems or by dithiols. Our results suggest that pro-HCI is activated by lipoperoxides produced in reticulocyte lysates from either phospholipid or polyunsaturated fatty acids; the presence of Ca21 is required in the former but not in the latter case. The reversible activation of HCI by Ca2' and phospholipid might suggest a possible modulatory role of Ca2+ in translational control.
then binds to a 40S ribosomal subunit. Upon formation of the 80S initiation complex the GTP is hydrolyzed and eIF-2 is released as an eIF-2-GDP complex. Recycling of eIF-2 is catalyzed by GEF, the GDP-GTP exchange factor, and is inhibited when the eIF-2 a subunit is phosphorylated by cAMP-independent protein kinases (3) (4) (5) . One of these kinases, the heme-controlled translational inhibitor (HCI) , is activated in lysates incubated in the absence of added hemin. One other kinase (double-stranded RNA-activated kinase or DAI), constitutive in reticulocytes and inducible by interferon in other cells, is activated by low concentrations of double-stranded RNA in the presence of ATP. In reticulocyte lysates HCI and DAI are present largely in the form of inactive precursors, pro-HCI and pro-DAI (for reviews see refs. 1 and 2).
Pro-HCI can also be activated in heme-supplemented reticulocyte lysates by conditions that apparently lead to the oxidation of some of its SH groups to disulfides (1, 2, t). We shall refer to this activation as oxidative activation. Oxidative activation can be prevented or reversed by NADPH generators-e.g., glucose 6-phosphate, isocitrate, NADPH itselfand also by dithiols-e.g., dithiothreitol-none of which has any effect on the activation caused by heme deficiency (6) . Oxidative activation of HCI of possible physiological significance may be caused by glutathione disulfide (GSSG) or by NADPH depletion (see ref. 6) . It thus appears that pro-HCI may be activated by two entirely unrelated mechanisms, one of which seems to involve oxidation of the enzyme.
In an earlier paper (7) we reported that activation of pro-HCI in hemin-supplemented lysates can also be elicited in a reversible fashion by Ca2" and phospholipid. Since protein kinase C (PKC) requires Ca2' and phospholipid for activity (8, 9) , it appeared possible that PKC, which we found to be present in reticulocyte lysates, might be involved in the observed activation of HCI by Ca2+ and phospholipid. However, several observations indicated that this was not the case. First, addition of large amounts of highly purified PKC had no effect on translation in hemin-containing lysates; second, the translational effect of phospholipid [phosphatidylserine (PtdSer)] largely disappeared upon substitution of a saturated fatty acid for the unsaturated fatty acid residue in position 2 of this phospholipid, but the reduced compound was as effective as PtdSer itself in activating PKC; and, third, polyunsaturated fatty acids, which have little or no effect on PKC activity, were as effective as phospholipids in activating HCI in lysates and, in both cases, the activation could be largely prevented or reversed by NADPH-generating systems or by dithiols. These results are consistent with the notion that, like the activation of HCI in lysates by GSSG or NADPH depletion (6), the activation by phospholipids and polyunsaturated fatty acids may largely be due to oxidation of labile SH groups of the enzyme. This view is consistent with the presence in reticulocyte lysates (10) of lipoxygenase and other enzymes that convert unsaturated fatty acids to lipoperoxides.
MATERIALS AND METHODS
Rabbit reticulocyte lysates and translation and eIF-2 phosphorylation assays were as described (7) . PKC activity was assayed by the procedure of Wise et al. (9) with slight modifications. In the experiment of Table 1 as indicated. After incubation for 5 min at 30°C, histone phosphorylation was assayed as described (11) . EGTA, L-a-Ptd L-Ser, and diolein were the same preparations used earlier (7) . The preparation of PtdSer/diolein mixtures and the methods used for determination of PtdSer and protein concentrations have also been described (7) . The sodium salts of arachidonic (5,8,11,14- 
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9-octadecenoic) acids and tert-butyl peroxide (70% aqueous solution) were from Sigma, as was histone H1. Hydrogenated PtdSer was from P-L Biochemicals.
RESULTS

PKC Is Not Involved in Translational Inhibition by Ca21 and
Phospholipid. The involvement of PKC in the translational inhibition caused by Ca2" and phospholipid in reticulocyte lysates was first made unlikely by the fact that addition of large amounts either of highly purified PKC from pig spleen (12) or of the partially purified enzyme from reticulocyte lysates had no effect on translation (not shown). More convincing was the observation ( Table 1 ) that, whereas substitution of a saturated fatty acid for the unsaturated fatty acid residue at position 2 of PtdSer all but eliminated the translational inhibitory effect of the phospholipid, such substitution produced an even more effective activator of PKC. Further proof that the activation of HCI by Ca2+ and phospholipid does not involve PKC is given below.
Activation of HCI by Polyunsaturated Fatty Acids. Arachidonic acid is a strong inhibitor of translation in hemin-supplemented reticulocyte lysates as shown in Table 2 . At these concentrations it has no effect on PKC activity (not shown). (Table 3) . The same was true of the phospholipid-promoted phospho- Table 4 , the activation of HCI by arachidonate is not affected by EGTA, indicating that Ca2+ is not required for this activation, whereas, as already noted earlier (7), the effect of phospholipid is largely abolished by EGTA. It may be tentatively concluded that the activation of pro-HCI by polyunsaturated fatty acids and phospholipids is largely the result of oxidation of the enzyme by reactions that are Ca2+-independent in the case ofunsaturated fatty acids but are Ca2+-dependent in the case of phospholipids. However, the possibility that the phospholipid effect may also be mediated by a different mechanism cannot be excluded at present.
Formation of Lipoperoxides in Reticulocyte Lysates. The view that phospholipids as well as polyunsaturated fatty acids activate hemin-stabilized pro-HCI by promoting its oxidation finds further support in the following observations. As seen in Table 5 , arachidonate and PtdSer promote the formation of lipoperoxides in reticulocyte lysates and the reaction is essentially Ca2+-independent with the former but Ca2+-dependent with the latter compound, as shown by the addition of EGTA. This is in line with their translational inhibitory effect, which, as noted above, is Ca2+-independent with arachidonate but Ca2+-dependent with PtdSer. Moreover, phosphatidic acid, which does not activate HCI (not shown), promotes no peroxidation in lysates ( 
DISCUSSION
In another publication from this laboratory (6) it was pointed out that, unlike the activation of HCI in hemin-supplemented reticulocyte lysates by GSSG or NADPH depletion, the activation caused by heme lack is not prevented by NADPH generators or by dithiothreitol. It was therefore argued that there are at least two fully independent mechanisms for pro-HCI activation: (i) heme deficiency and (ii) oxidation processes that appear to lead to the conversion of certain pro-HCI SH groups to disulfides (1, 14) . In vitro, pro-HCI is slowly oxidized and will be activated if there is no NADPH to reverse the process. This seems to be the reason why NADPH depletion (6) leads to the activation of hemestabilized pro-HCI and why NADPH-generating systems keep the enzyme in the inactive, pro-HCI form. The fact that dithiothreitol, but not 2-mercaptoethanol, also prevents or reverses the oxidative activation of HCI would seem to be consistent with the view that a 2 RSH (pro-HCI) -RSSR (HCI) + 2H equilibrium or steady state is involved. Alternatively, it is possible that the activation of pro-HCI may involve the oxidation of methionine residue(s) to methionine sulfoxide in the protein. The reduction of methionine sulfoxide residues in proteins back to methionine is catalyzed by methionine sulfoxide peptide reductase and the reaction requires the presence of either NADPH and thioredoxin or dithiothreitol (15) . It is of interest that 2-mercaptoethanol cannot substitute for dithiothreitol.
Our results indicate that pro-HCI can be reversibly activated via the oxidation mechanism by agents other than GSSG-namely, polyunsaturated fatty acids and phospholipids. We have shown earlier (7) that the Ca2+/phospholipid activation can be readily reversed at low incubation temperatures (20°C) by the addition of EGTA. At 30°C some reversibility can be obtained only after very brief incubation, presumably because of the spontaneous conversion of the reversible to the irreversible form of HCI (see ref.
2). Activation of pro-HCI by GSSG is also fully reversed by NADPH generators at the lower incubation temperature (6) and, since NADPH generation prevents activation by polyunsaturated fatty acids and by Ca2+/phospholipid, it may be assumed that NADPH generation will, under appropriate conditions, reverse this activation too. Reversibility of the 
